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Abstract

Background: Roux-en-Y gastric bypass (RYGB) surgery is one of the most efficient procedures for the treatment of
obesity, also improving metabolic and inflammatory status, in patients with mild obesity. The underlying mechanisms
have not been fully understood, but gut microbiota is hypothesized to play a key role. Our aim was to evaluate the
association between gut microbiota changes and anthropometric, metabolic and inflammatory profiles after meta-
bolic surgery compared with medical therapy, in type 2 diabetic (T2DM) adults with mild obesity (BMI 30-35 kg/m?).

Methods: DM? was an open-label, randomised controlled clinical trial (RCT: ISRCTN53984585) with 2 arms: (i) surgi-
cal, and (ii) medical. The main outcome was gut microbiota changes after: metabolic surgery (Roux-en-Y gastric
bypass—RYGB) versus standard medical therapy. Secondary outcomes included anthropometric, metabolic and
inflammatory profiles. Clinical visits, blood workup, and stool samples were collected at baseline and months (M)1, 3,
6, 12. Gut microbiota was profiled using 16S rRNA targeted sequencing.

Results: Twenty patients were included: 10 in surgical and 10 in medical arm. Anthropometric and metabolic com-
parative analysis favoured RYGB over medical arm. At M12, the percentage of weight loss was 25.5 vs. 4.9% (p <0.001)
and HbATc was 6.2 vs. 7.7% (p < 0.001) respectively. We observed a continuous increase of genus richness after RYGB
up until M12. In the medical arm, genus richness ended-up being significantly lower at M12. Composition analysis
indicated significant changes of the overall microbial ecosystem (permanova p=0.004, [R?=0.17)) during the follow-
up period after RYGB. There was a strong association between improvement of anthropometric/metabolic/inflamma-
tory biomarkers and increase in microbial richness and Proteobacterial lineages.

Conclusions: This was the first RCT studying composite clinical, analytic, and microbiome changes in T2DM patients
with class 1 obesity after RYGB versus standard medical therapy. The remarkable phenotypic improvement after sur-
gery occurred concomitantly with changes in the gut microbiome, but at a lower level.

Trial registration: ISRCTN53984585
Keywords: Diabetes mellitus, Insulin resistance, Microbiome, Roux-en-Y gastric bypass, Weight loss

Background

Obesity and type 2 diabetes mellitus (T2D) are both met-
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between epigenetic and environmental factors are the
primers for the complex etiological pathways of both
diseases. Recent studies have emphasised the role of gut
microbiota in metabolic regulation—specifically in ener-
getic storage dysfunction and systemic inflammation [2,
3].

The “Microbiome Hypothesis” is based on the fact that
humans host 10'* bacteria in the gut, which perform a
variety of physiological functions, ranging from protec-
tive to metabolic regulation, including carrying out an
active part in glucose and lipid metabolism [4, 5]. Intesti-
nal dysbiosis, characterised by changes in gut microbiota
composition, has been shown to play an essential role in
obesity and T2D [6, 7]. Ley et al. showed a shift towards
a higher relative abundance of Bacteroidetes and a
decreased quantity of Firmicutes in patients with obesity
who lost weight through low-calorie diets [8]. Further-
more, experimental data has highlighted the role of gut
microbiota in nutrient absorption, as well as in the main-
tenance of gut barrier integrity and lipogenesis and hor-
monal status, leading to an increasing interest in shaping
human gut microbiota composition in order to prevent
and treat obesity and restore glucose homeostasis [9, 10].

Recent clinical trials reported that bariatric surgery,
namely Roux-en-Y gastric bypass (RYGB) or bilio-pan-
creatic diversion, was the most effective treatment for
combined weight loss and improvement/remission of
T2D in patients with severe obesity [body mass index
(BMI)> =35 kg/m?] [11, 12]. Such encouraging results
led to further research adopting the same approach in
patients with mild obesity (BMI 30-35 kg/m?) and the
outcomes also proved the efficacy of this surgery in this
subgroup of patients with obesity [13]. The mechanism
by which T2D improves rapidly after RYGB, before sig-
nificant weight loss, has not yet been completely under-
stood, but recent studies have shown that gut microbiota
modulation contributes to beneficial metabolic effects
[14, 15]. Furet et al. demonstrated a shift toward an
increase of Faecalibacterium prausnitzii in diabetic
patients which was associated with a reduction in low-
grade inflammatory state in obesity and diabetes [14].

To our knowledge, no randomised controlled clinical
studies have been carried out assessing the association
between gut microbiota changes and metabolic out-
comes after RYGB in diabetic patients with mild obe-
sity, compared to standard medical therapy. The main
aim of our study was to evaluate gut microbiota changes
after metabolic surgery versus standard medical therapy
in diabetic adult patients with class 1 obesity. Second-
ary aims included: (1) the assessment of anthropometric,
metabolic and inflammatory changes after interventions;
and (2) the study of associations between gut micro-
biota alterations with anthropometric, metabolic, and
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inflammatory changes. This research contributes to
improve our understanding of the intricate role of the gut
microbiota in metabolic regulation.

Methods

Study design and participants

The Diabetes, Microbiota and Metabolic surgery (DM?)
study was an open-label, randomised controlled clini-
cal trial (RCT) carried out at the Centro Hospitalar Sio
Jodo (CHS]J) in Porto, Portugal, which was designed to
assess gut microbiota changes and T2D resolution in
patients with mild obesity after metabolic surgery versus
standard medical therapy. The Ethics Committee from
CHS]J approved the clinical protocol (ref 116/13) and all
patients provided written informed consent. This RCT
was registered in International Standard Randomised
Controlled Trial Number Registry (ISRCTN), with the
number ISRCTN53984585  (http://www.isrctn.com/
ISRCTN53984585).

We used electronic medical records to identify candi-
dates to participate in the trial, and between May 2014
and August 2014 we screened 42 patients at the CHS]J
Endocrinology outpatient centre. Assuming rates of dia-
betes resolution to be 83%, with a 20% dropout rate in
each study arm [12], required an enrolment of 10 patients
in each category. This provided a power of >90% to detect
differences between the 2 groups, using a 2-sided alpha
of 0.05. Consequently, we included 20 participants who
were randomly assigned to one of the two study arms,
with a 1:1 ratio, using a computer-generated randomisa-
tion procedure, to receive either RYGB or standard medi-
cal therapy. Blinding was unsuitable for use, due to the
major differences between the two treatment therapies;
however, participants and researchers were only aware of
the study arm of each participant after patients’ informed
consent and the random allocation concealment.

Inclusion criteria were as follows: age>20
and <65 years old; BMI>30 and<35 kg/m% previous
diagnosis of T2D, according to the American Diabetes
Association (ADA) definition, and under antidiabetic
medical therapy [16]; duration of diabetes>3 months;
overnight-fasting C-peptide>0.7 ng/ml; negative anti-
GAD autoantibody; possible eligibility for general anes-
thesia; ability and willingness to participate in the study,
with an understanding of the requirements of each arm
of the study (written informed consent). The exclusion
criteria were: specific contraindication to obesity sur-
gery; diabetes secondary to a specific disease (maturity-
onset diabetes of the young, latent autoimmune diabetes
in adult or pancreatitis); having taken any antibiotic,
probiotic, or prebiotic agents during the month before
randomisation; pregnancy; debilitating disease; any psy-
chological condition which could hamper a patient’s
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cooperation; any condition which, in the opinion of the
researcher, could have meant that participation in the
study was risky or could have biased the results.

Surgical arm: Roux-en-Y gastric bypass surgery
Participants in the surgical arm underwent RYGB—
whereby a 30+ 10 mL capacity subcardial gastric pouch
was created on a nasogastric 36F calibrating tube by sec-
tioning the stomach with a linear stapler 3—4 cm hori-
zontally on the lesser curve, 4 cm distant from the e-g
junction, and then vertically until attainment of the angle
of Hiss. After identification of the Treitz ligament, the
jejunum was transected at 100 cm from the ligament of
Treitz and the two stumps were closed. The distal stump
was anastomosed to the distal end of the gastric pouch.
Finally, the proximal stump of the transacted bowel was
joined end-to-side to the jejunum 150 cm distant from
the gastroenterostomy.

Medical arm: Standard medical therapy

Participants in the medical arm were managed with anti-
diabetic standard medical therapy. This was defined as
the use of lifestyle (nutrition and exercise counselling)
guidelines by ADA to optimise weight loss and glycaemic
control, along with frequent glucose self-monitoring and
titration strategies, and also drug therapy for hypergly-
caemia and restoration of pancreatic cells function [16].
In addition, all subjects were treated according to ADA
guidelines for lipid and blood pressure targets.

Follow-up

The follow-up period ran from October 2014 to May
2016. Clinical visits and laboratory tests were carried out
at six points in time: (i) during the screening period; (ii)
at baseline, after randomisation (MO); (iii) and at four
moments of follow-up—(Months M1; M3; M6; M12 after
the RYGB in surgical arm, or after the first appointment
in medical arm).

Clinical visits were carried out at all six moments of
assessment. Patients were evaluated by an endocrinolo-
gist who performed a complete medical history and
physical examination, including anthropometric meas-
urements (body weight, height, waist circumference,
visceral fat area, body fat mass and fat-free mass) using
bio-impedance analysis (Inbody®, model 720). Dietary
records were also evaluated by a nutritionist, who car-
ried out a detailed dietary intake (quality and quantity)
for the 24 h period before the interview. Patients also
maintained dietary records for the 72 h period before the
clinical visit. Laboratory tests included blood biochemi-
cal tests and gut microbiota analysis. Blood biochemical
tests were conducted at all six moments of assessment
and patients had at least eight hours of fasting, with
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trained nurses collecting blood samples at the beginning
of the clinical visit. Gut microbiota analyses were con-
ducted at MO, M1, M3, M6 and M12, and faecal samples
were collected by participants at home, after appropriate
exemplification and training of the collection procedure.
Faecal samples were collected in the morning, before
breakfast. Whole stools were self-collected in sterile
boxes and stored at — 20 °C. Samples were treated in the
laboratory and stored as 200 mg aliquots at — 80 °C until
further analysis.

Biochemical tests

Routine chemical analyses were evaluated using an enzy-
matic colorimetric test using the Olympus AU 5400
clinical chemistry analyser (Beckman Coulter®, USA),
including glucose (fasting glucose, insulinemia and
C-peptide) and lipid profile components of the serum
[total cholesterol (TC), high-density lipoprotein cho-
lesterol (HDL-C), and Triglycerides (TG)]. Low-density
lipoprotein cholesterol (LDL-C) was calculated according
to the Friedewald Eq. [17]. The measurement of hemo-
globin A,- (Alc) was performed using ion-exchange
high-performance liquid chromatography (HPLC) with
a Variant™ Turbo Alc (Bio-Rad®, USA). Serum high-
sensitivity C-Reactive Protein (hsCRP) was assessed
using particle-enhanced immunonephelometric tests
with a BN II laser nephelometer (Siemens®, Erlangen,
Germany). Insulin was assayed using an electrochemilu-
minescence immunotest with a Cobas e411 automated
analyser (Roche®, Germany). C-Peptide was assessed
using electrochemiluminescence immunoassay with a
Cobas e411 automated analyser (Roche®, Germany).

Gut microbiota data processing

Gut microbiota profiling was carried out using 16S rRNA
targeted sequencing of the V3-V4 hypervariable region
using primers derived from Klindwordth et-al. [18], using
a methodological approach developed by GenoScreen®
(France). This process consists of three steps: (1) the
preparation of libraries of amplicons according to the
Metabiote® tool, limiting the bias of amplification
between samples and including a positive control (the
artificial bacterial community "ABC control"), with a
first negative control (background of the whole process
of libraries construction) and a second negative control
(background of the stool extraction step); (2) sequenc-
ing of the 16S amplicons libraries on an Illumina MiSeq
"paired-end" 2 x 250 bp run; and (3) sorting by sample
indexes and reassembly of the two "paired-end" reads to
obtain full length 16S rDNA sequences. The 16S library
constructions were carried out using 5 ng of gDNA,
extracted according to the Metabiote® protocol devel-
oped by GenoScreen®.
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The raw demultiplexed sequences were processed using
mothur, with default parameters. Abundance tables at the
genus level were rarefied at 2059 reads and were normal-
ised before statistical analyses, using the total count pro-
cedure. The Bray—Curtis beta-diversity distance matrix
was computed using the vegdist function of a vegan R
package from the rarefied genus abundance matrix [19].
Principal Coordinate Analysis (PCoA) from Bray—Curtis
beta-diversity matrix was carried out with the cmdscale
function of a vegan R package.

Enterotype classification was carried out following
the Dirichlet Multinomial Mixture (DMM) method of
Holmes et al. [20], using the rarefied genus abundance
matrix as the input. The DMM approach groups sam-
ples together if their taxon abundances can be modelled
by the same Dirichlet-Multinomial (DM) distribution.
Genus richness was estimated using different methods.
Rarefaction to 6,000 reads per sample and upsizing pro-
cedure were used to estimate genus diversity. This con-
sisted in a 10-times rarefaction procedure, with different
alpha diversity metrics (observed genera, Chaol, ACE
as richness estimators; Shannon, Simpson and InvSimp-
son as evenness estimators). We observed differences
in sequencing depth between samples from each group,
however this variability was omitted after the rarefaction
procedure.

Outcomes

The main outcome of the DM? study was the quantifica-
tion of gut microbiome diversity and composition after
RYGB, compared with standard medical therapy. The
secondary outcomes included the relation between T2D
remission/improvement (as measured by anthropomet-
ric, metabolic and inflammatory biomarkers) and gut
microbiota composition and modification throughout
the intervention. Both outcomes were assessed at MO,
M1, M3, M6 and M12. Diabetes remission was defined
as Alc<6.5%, without using any antidiabetic medica-
tion. Diabetes improvement was considered if patients
still required non-insulin antidiabetic drugs, but at lower
doses compared to the baseline (without insulin use), as
well as Alc levels <7.0% [13].

Statistical analysis

All values are described as mean and standard deviation
(SD). Homeostasis model assessment of insulin resist-
ance (HOMA-IR), percentage of total weight lost (%WL)
and BMI were calculated, in accordance with the litera-
ture. The composition of microbiota was expressed with
the mean of the normalised relative abundance values.
PCoA transformation of the multidimensional data at the
genus level was carried out, using the Bray—Curtis beta-
diversity distance matrix. A PERMANOVA test on vegan
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R package with n=999 permutations was carried out to
test for differences in microbiome composition after sur-
gery and interventions for the medical arm. Statistical
analyses of the microbiome were carried out using the
momr and relome R packages developed at Institute of
Cardiometabolism and Nutrition (ICAN), France. Non-
parametric tests (Wilcoxon, Kruskal-Willis or Spearman
correlations) were performed when analyzing microbi-
ome data. Benjamini-Hochberg multiple testing adjust-
ment was applied (FDR <0.1 indicates significance).

Paired Mann—Whitney tests were performed to ana-
lyse the changes in these parameters between baseline
and the various points in time, for each study arm cat-
egory. Linear regression was used to analyse associations
between continuous variables in different timepoints, for
each study arm, and R? effect size was also calculated. All
inferential statistical computations were considered to be
significant when p-values were <0.05. Statistical analysis
was carried out using SPSS version 25 (SPSS IBM, New
York, NY, USA) and R.

Results

Clinical and biological baseline characteristics

We screened 42 patients, from which we randomised 20
participants in the DM? study (see Fig. 1). There were two
dropouts in the surgical arm: one patient quit the study
after allocation and the other was excluded after surgery,
due to newly-diagnosed tuberculosis.

Patient’s characteristics are described in Table 1. The
average age was 53 vs. 58 years old, BMI was 33.6 vs.
32.0 kg/m?, Alc was 8.7 vs. 8.2%, and women were 50%
vs. 30%, for the surgical arm vs. medical arm, respectively.
There were no significant differences in BMI, Alc, fasting
glucose, insulin, C-peptide levels, or HOMA-IR between
the two arms. However, patients who underwent RYGB
had significantly higher weight, visceral fat area, body fat
mass, and serum hsCRP at baseline (Table 1).

Bariatric surgery outperforms medical therapy
in improving patients’ anthropometric, metabolic
and inflammatory profiles
One month after the beginning of the study, there was no
evidence of differences in BMI between arms, however,
%WL was significantly higher in the surgical category
(10.5 vs. 3.1%, p<0.001; Table 1). Neither were any sig-
nificant differences observed at this time in fasting glu-
cose, Alc, or C-peptide between arms. Nonetheless, we
found lower insulin levels (6.6 vs. 18.5 mg/dL, p=0.026)
and HOMA-IR (2.5 vs. 6.5, p=0.035) in the surgical arm.
At three months of follow-up, differences in %WL
were even more pronounced (17.7 vs. 5.5%, p<0.001),
and significant differences in BMI (27.7 vs. 30.3 kg/m?,
p=0.007) and waist circumference (97.9 vs. 103.3 cm,
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Assessed for eligibility
(n=42)

Enroliment

Randomized
(n=20)

Surgical arm (n=10) Allocation

Lost to follow-up (n=0)
Discontinued intervention (n=2)
*Tuberculosis (n=1)
* Declined prior to surgery (n=1)

Follow-up

Analysed (n=8) Analysis

Fig. 1 Study flowchart. M month

Excluded (n=22):
* Not meet inclussion criteria (n=14)
* Declined to participate (n=8)

Medical arm (n=10)

Lost to follow-up (n=0)
Discontinued intervention (n=0)

Analysed (n=10)

Screening

Endocrinologist visit

* Medical visit
* Physical examination

Nutritionist visit
* Dietary assesment
* Anthropometric measures

Laboratory tests
* Blood biochemical assays

Follow-up
(MO, M1, M3, M6, and M12)

Endocrinologist visit
* Medical visit
* Physical examination

Nutritionist visit
* Dietary assesment
* Anthropometric measures

Laboratory tests

* Blood biochemical assays
* Fecal analyses for gut microbiota

p=0.034) were observed, whereas none were for fast-
ing glucose, Alc, or C-peptide between both arms. Nev-
ertheless, differences between arms increased as far as
insulin levels (6.0 vs. 17.2 mg/dL, p=0.019) and HOMA-
IR (1.9 vs. 6.1, p=0.013) were concerned.

At six months of follow-up, differences in BMI and
%WL continued to be even greater (BMI: 25.7 vs. 30.4 kg/
m?, p<0.001; %WL: 23.4 vs. 5.2%, p<0.001) and body
fat measures were significantly lower in the surgical arm
(visceral fat area, p=0.029; and body fat mass, p=0.003).
Measures of insulin resistance were also significantly
reduced in the surgical arm (Alc: 6.2 vs. 7.3%, p=0.038;
HOMA-IR: 1.6 vs. 7.2, p<0.001), as were triglycerides
(91.9 vs. 143.6 mg/dL, p=0.049), while HDL-C was sig-
nificantly increased (54.4 vs. 40.7 mg/dL, p=0.014).

Lastly, at 12 months of follow-up, the average BMI
was 24.6 vs. 30.5 kg/m? (p<0.001), and Alc was 6.2 vs.
7.7% (p<0.001) in the surgical vs. medical arm, respec-
tively (Table 1). The %WL was 25.5% in the surgical arm
and 4.9% in the medical arm (p<0.001). Waist circum-
ference, visceral fat area and body fat mass were statis-
tically lower in the surgical arm (p<0.001, p=0.007

and p=0.002, respectively). In addition, fasting glu-
cose, insulinemia, C-peptide, and HOMA-IR were sig-
nificantly lower in the surgical arm (p=0.007, p=0.020,
p=0.020 and p=0.027, respectively), and HDL-C was
higher (p=0.004). See Table 1 for absolute values for
each parameter and Fig. 2 for summarised trajectories.
At the final endpoint, all participants from the medical
arm failed to achieve diabetes remission or improve-
ment, however in the surgical arm, 5 participants (62.5%)
experienced remission from their diabetes (p =0.007 for
comparison with medical arm, Chi? test), 2 participants
(25%) improved their phenotypes, and only 1 showed
no improvement. Supplementary analyses were per-
formed using the relative change between baseline and
12 months of follow-up. These results are shown in the
supplementary material (Additional file 1: Table SI,
Table S2 and Table S3, and Figure S1).

Microbiota composition and clinical phenotypes

before interventions

We hypothesised that the clinical changes that occurred
in the study cohort may have been accompanied by
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changes in the gut microbiome. Therefore, we charac-
terised the latter at different levels of specificity—such
as richness, community type, and the genus taxonomic
levels. In this study, we computed richness as being the
number of present/observed genera. First, we observed
no saturation at the genus level during the rarefaction
analysis (Additional file 1: Figure S2A), which signifies
that the sequencing depth may be insufficient to capture
all of the complexity of the microbiome at the genus level.
However, the limited sequencing depth would neverthe-
less allow the capture of the signal for the most prevalent
and abundant rates. We found differences in sequencing
depth between study arms (lower in surgical) (Additional
file 1: Figure S2B). These differences were levelled out
with a rarefaction procedure.

At baseline, we observed a lower genus richness
(trend) in the surgical arm, compared with the medical
arm (61.37+9.16 vs 71.3+11.19 respectively, p=0.055)
(Additional file 1: Figure S3A). Additionally, when cor-
relating genus richness with clinical variables (Additional
file 1: Table S4), we observed that the waist circumference
(p=0.014) and hsCRP inflammatory marker (»p=0.023)
were negatively associated, as previously described [21,
22], (Additional file 1: Figure S3b—d).

Next, we studied the microbiome data using a com-
munity-based approach. Enterotypes were recognised
as interesting describers of microbiome abundance
data [23]. Indeed, recently an improved enterotyping
approach, based on DMM has shown to be better for

capturing a significant signal in the microbial communi-
ties [24]. We applied the DMM method, despite difficul-
ties in determining the same optimal group number in
the Laplacian profile—we fixed it for k=4 for comparison
of the results with the original study (Additional file 1:
Figure S2c). The potential drivers of enterotype composi-
tion for different groups are: K1: Synergestes (2 genera),
Desulfovibrio (delta-proteobacteria), Ruminococcaceae
genera Clostridium IV, and Unclassified Ruminococcus;
K2: Lachnospiraceae, Ruminococcus; K3: Actinobacte-
ria (Bifidobacterium), Bacillales (even less abundant),
Enterobacteriales (potentially pro-inflammatory). Addi-
tionally, decreased levels of the following were observed:
Faecalibacterium (potentially anti-inflammatory) and
Oscillibacteria (Ruminococcaceae); K4: Lachnospiraceae,
Roseburia, and Ruminococcus (all Clostridiales) (data not
shown).

These enterotype profiles are different from what is
observed in previous studies [25-28]. Furthermore, no
significant differences are seen in genus richness across
enterotypes when considering the entire study cohort
(data not shown) [24]. Contrary to what is expected, no
significant associations are observed between entero-
types and clinical variables at baseline.

Next, we explored compositional changes between
study arms at baseline by applying a PERMANOVA
test (non-parametric MANOVA from Bray—Curtis beta
diversity distance matrix computed with genus abun-
dance data). No significant difference was observed
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(p=0.095; Additional file 1: Figure S2d). When testing
for differentially abundant features between surgical and
medical arms at baseline, five genera were observed (not
resisting multiple testing adjustment; Additional file 1:
Figure S4).

Microbiota changes during the intervention

Despite lower baseline genus richness in the surgical
arm (61+9 prokaryotic genera), we found a significant
continuous increase until attaining 76 +9 prokaryotic
genera at M12 (p=0.03 on paired Wilcoxon tests). On
the contrary, genus richness did not change throughout
the intervention in the medical arm (71411 at base-
line; 71410 at M12; p=0.92 on paired Wilcoxon tests)
(Fig. 3a). These findings confirm previous results in
patients with severe obesity where microbial gene rich-
ness increases after RYGB [29].

The enterotype analyses did not allow us to observe
any significant change throughout the intervention,
which is probably a consequence of the small number of
patients and stratification in the statistical tests. In the
surgery arm, the composition analysis indicated signifi-
cant changes in the microbiome (R*=0.17; permanova
p=0.004) (Fig. 3c). Changes in the medical arm were not
significant (Fig. 3b), which confirmed the observations at
the richness level.

Furthermore, we searched for specific genera that
changed in abundance at the study endpoint, compared
to baseline. We observed that Ruminococcus, unclassifie
d_Lachnospiraceae_ family and Faecalibacterium signifi-
cantly decreased, while Klebsiella, Gammaproteobacte-
ria, Enterobacter, unclassified_Gammaproteobacteria,
unclassified_Veillonellaceae increased after 12 months
of RYGB. In the medical arm, unclassified_Lachno-
spiraceae and Sutterella significantly decreased, while
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unclassified_Clostridiales and  unclassified_Bacteria
increased, when comparing baseline with M12 (Addi-
tional file 1: Figure S5). None of these changes did resist
multiple testing adjustment though (Additional file 1:
Table S5). The main changes in genus abundance com-
paring each timepoint of the study is represented in
Fig. 4.

Finally, we explored the differences in the Firmicutes/
Bacteroides ratio (rFB) during the interventions’ follow-
up. This score is largely used in microbiome studies as a
marker of ecosystem health. No significant differences
between the two categories or through time were found
in this case (Additional file 1: Figure S6a). However, in
agreement with previous findings [30], the Proteobac-
teria/Firmicutes ratio (rPF) significantly increased after
RYGB, but not in the medical arm (Additional file 1: Fig-
ure S6b).

How do microbiome changes relate to phenotypic
evolution?

We investigated the associations between relative
changes in metabolic parameters and microbial rich-
ness. There was a strong inverse relationship between
changes in body composition and anthropometric/meta-
bolic markers (waist circumference, diastolic blood pres-
sure, Alc), as well as inflammation (hsCRP) along with
changes in microbial richness (Fig. 5).

Similar analyses looking for associations of rela-
tive changes in clinical parameters with changes in tar-
get genera (those showing significant changes one year
after the interventions from univariate tests) indicated
significant associations (FDR<0.05) between changes
in anthropometric variables, glucose sensitivity vari-
ables (glycated haemoglobin, insulin), and inflammatory
variables (hsCRP), and also changes in Proteobacterial
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lineages, mostly of the gamma clade (Fig. 5 and Addi- interventions was associated with an increase in gamma-

tional file 1: Figure S7). We found that improvement in
anthropometric, metabolic and inflammatory profiles
characterized by decrease in these variables after the

proteobacterial lineages, which were mostly driven by the
RYGB surgery. Importantly, there was an inverse associa-
tion between the concentration of Klebsiella and body
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weight, comparing the baseline to one year after follow-
up of metabolic surgery, which corroborate the beneficial
metabolic impact of the increase of gamma-proteobac-
teria after RYGB. Similarly, improvements in levels of
HDL-C after intervention were positively associated with
increases in these same gamma-proteobacterial clades,
which was significant (FDR<0.05) only for the Entero-
bacter genus. On the other hand, we found a positive
association (although not significant) between changes in
Firmicutes genera (Ruminococcus, Faecalibacterium) and
changes in these same clinical variables explained by the
phenotypic improvement, along with a decrease in these
Firmicutes genera after one year of follow-up (Additional
file 1: Figure S5).

Discussion
Bariatric surgery treatment has increased worldwide,
being the most efficient procedure for the treatment
of severe obesity. The underlying beneficial metabolic
effects go beyond weight loss, which has led to the con-
sideration of RYGB for diabetic patients with milder
forms of obesity. This is the first randomized controlled
clinical trial that simultaneously explored clinical and
microbiota changes in diabetic patients with class-1 obe-
sity after RYGB versus standard medical therapy. We
found that both RYGB and standard medical therapy
groups improved anthropometric outcomes at 1 year of
follow-up, with RYGB patients having significantly higher
improvements. However, only RYGB patients achieved
improvement/remission in diabetes status (n=7, 87.5%)
and, significantly improved anthropometric and glycae-
mic profiles, independently and progressively, during the
first year of follow-up and simultaneously had gut micro-
biota changes. On the other hand, after an initial clinical
improvement in medical therapy arm, at the final end-
point all participants failed to achieve diabetes remission
or improvement. During the first 6 months the patients
were observed 4 times (MO, M1, M3 and M6), which
might contributed for the initial improvement seen in
this arm, as support of healthcare professionals is one of
the most important motivators for lifestyle changes and
therapeutic adherence [31]. Sustainable progress after
an intensive intervention is challenging and a gap of
6 months without clinical visits (between M6 and M12)
might contributed for the decline on clinical benefits,
which has also been supported by other authors [32, 33].
Gut microbiota plays a relevant role in the complex
causes of obesity and T2D, and is hypothesised to be
involved in the modulation of metabolic status after
RYGB. Microbial richness is a simple descriptive param-
eter of the microbiome. A healthy microbial ecosystem
is usually characterised by an elevated level of microbial
richness [21, 22]. In addition, one of the key features of
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the microbiome that characterises obesity is a low level
of microbial richness, which is correlated with metabolic
disorders, such as low-grade inflammation, insulin resist-
ance, and adipocyte size [21, 34]. Here, microbial rich-
ness was measured at the genus level. Despite a trend
of lower baseline genus richness in patients in the surgi-
cal arm, we observed a continuous increase after RYGB
during the 12 months of follow-up. Our results confirm
previous observations that RYGB increases microbiome
richness, not only in patients with morbid obesity, but
also for a broader BMI range, including patients with a
BMI 30-35 kg/m? [29].

As expected, there was a strong inverse association
between increase in microbial richness and improve-
ment of clinical phenotype, including anthropometric,
metabolic (waist circumference, diastolic blood pres-
sure, Alc), and inflammatory (hsCRP) biomarkers. These
results suggest that systemic and anatomical changes
induced by RYGB can restore a putative loss of micro-
bial richness with an improvement of metabolic profile.
On the contrary, genus richness did not change in the
standard medical therapy arm and ended-up being sig-
nificantly lower at M12, with no differences in glycaemic
profile, comparing to baseline. This suggests that stand-
ard medical therapy optimisation does not target the gut
microbiota, which reinforces the hypothesis that modu-
lation of gut microbiota by pre or probiotics could be a
complementary strategy for improving glycaemic status
in this context.

Across enterotypes, there were no significant dif-
ferences in genus richness, nor in clinical variables at
baseline. We hypothesise that as the sequencing depth
was relatively low in this study, it provided a low num-
ber of observed genera, which significantly influenced
the enterotyping outcome. Indeed, the evaluation of the
Bray—Curtis distance is mostly driven by the most abun-
dant genera, which affects the sensitivity of the analyses.
Finally, the number of individuals in each group (four
for the baseline K4 therapy, and five for the baseline K4
bypass) decreased the statistical power, making the inter-
pretation difficult. However, we observe a significantly
higher abundance of Bacteroides genus in the RYGB
group in comparison with the medical group in baseline.
This bacterial genus has been associated to a dysbiotic
microbiome composition associated to low microbial
diversity, low microbial cell density and enriched in sev-
eral pathologies like Crohn disease, primary sclerosing
cholangitis and Inflammatory Bowel Disease [24, 35].
This dysbiotic microbiome composition is also enriched
in severe obese patients under RYGB before surgical
intervention, decreasing progressively after bariatric sur-
gery in parallel with improvements in microbial richness,
clinical conditions and weight loss [36].
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One year after surgery, we observed a significant
decrease in three bacterial taxa belonging to the Firmi-
cutes phylum (Ruminococcus, Lachnospiraceae_unclas-
sified and Faecalibacterium), which are recognised as
having anti-inflammatory properties with a benefi-
cial impact on metabolic health [14, 29]. The decrease
of Firmicutes lineages after bariatric surgery has been
reported in different studies [37-39], whereas contra-
dictory results are observed in different studies related
to the presence of Faecalibacterium prausnitzii [30, 40,
41]. Some studies have also shown Roseburia inhibit pro-
inflammatory cytokines (NF-kB) and was negatively asso-
ciated with T2DM [42, 43]. In a recent study, Roseburia
and Lachnospiraceae increase improved the likelihood of
T2DM remission [44]. In our study, we did not find sig-
nificant differences in Roseburia composition, though it
was observed a Lachnospiraceae_unclassified decreased.
This phenomenon might be associated with a diversity
of genus inhabiting human gut, which turns strain-spe-
cific effects. Furthermore, it has been demonstrated that
despite the beneficial effects of bariatric surgery on gly-
caemic control and weight reduction, compared to medi-
cal therapy alone, both HbA1lc and body weight tend to
increase over time [45]. This leads us to hypothesise that,
despite RYGB improving the metabolic status in T2D
patients with mild obesity, RYGB did not have the ability
to restore a healthy microbiome composition, especially
if it started with a highly dysbiotic microbiome state.

We also observed an increase in abundance of bacteria
of the phylum Proteobacteria (Klebsiella, Gammaproteo-
bacteria, Enterobacter, Gammaproteobacteria_unclassi-
fied), one year after the surgical intervention, as well as of
Veillonellaceae_unclassified (Firmicutes phyla). Increases
in Veillonella and other oral bacterial lineages after RYGB
surgery has been reported in other studies associated to
decrease of acid secretions consequence to the stomach
size reduction, which could facilitate the intestinal colo-
nization of oral bacteria [38, 41], whereas an increase in
gamma-proteobacteria after bariatric surgery is a com-
mon finding—both in humans and in mice [30, 37, 46].
In our study, we also observed an increase of the Pro-
teobacteria/Firmicutes ratio after RYGB. The increase
of bacteria belonging to the phylum Proteobacteria
was associated with the improvement of metabolic and
inflammatory parameters after bariatric surgery [47]. In
an animal model, the increase of proteobacteria was also
accompanied by a reduction in inflammatory response
and glucose homeostasis improvement [48]. The phy-
lum Proteobacteria is composed of facultative anaerobes,
and consequently oxygen increase [49] combined with
higher pH after RYGB (in the gut) could contribute to an
increase of these bacteria in parallel with improvements
on metabolic health. If this increase in proteobacterial
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lineages after bariatric surgery have a direct contribution
to improvement of health status of severe obese patients
or is a response to the drastic anatomical changes in the
gut environment consequence of the surgical procedure
(high oxygen availability, higher pH, higher amounts of
undigested nutrients in parallel to caloric restriction)
would require further experiments with animal models in
parallel with more precise characterization of enterobac-
terial lineages increased after bariatric surgery at strain
level with shotgun metagenomics data and de-novo
sequence assembly for better understanding of its func-
tional role.

On the other hand, we did not observe any significant
differences with regards to ratio Firmicutes/Bacteroidetes
(rFB). The concept that obesity is associated with a lower
percentage of Bacteroidetes and a higher percentage of
Firmicutes in obese individuals is contradicted by several
studies, which demonstrate that there is no difference
in relative abundance of Firmicutes and/or Bacteroides
and no association of weight loss with the rFB [50, 51] in
obese individuals. Furthermore, T2D has been linked to
a decreased abundance of Firmicutes and an increase in
bacteria belonging to Bacteroidetes and Proteobacteria,
when compared to obese patients [52]. However, it is dif-
ficult to validate these links from the results of our study,
which included T2D patients with mild obesity, knowing
the Firmicutes phylum and Bacteroides contain at least
250 and 20 genera, respectively. Higher taxonomic lev-
els may not necessarily reflect specific bacteria changes,
however, the results of our study are in line with those of
Campisciano et al., as they corroborate that rFB is not a
predictive biomarker of the outcome for metabolic sur-

gery [53].

Strengths and limitations

This study assessed patients’ evolution at different points
in time over the first year of follow-up, including the first
and third months after interventions, contrary to the
majority of published studies which lack comprehensive
data regarding the first six months following baseline and
through a 12-month period. These intermediate time-
point assessments allowed us to monitor a clear evolu-
tion of the clinical profile.

The sample size could have impaired to a degree the
multivariate analysis or the effect size of metabolic sur-
gery outcomes, and differences in baseline characteristics
can limit observations; however, the adjusted pairwise
analysis performed can help to obviate these differ-
ences, as well as, the results throughout the timepoints
were consistent with other studies. Of note is the fact
that our observations can be limited by different tech-
nical aspects of microbiome analysis, including the col-
lection, generation, and quantification of the abundance
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profiles. In addition, heterogeneity in dietary profiles and
physical activity can also explain part of phenotypic out-
comes during the treatment. Dietary data were mainly
recorded for the medical arm, but not for the surgical
arm throughout the different time-points, which limits
our ability to control for food intake in the changes in
microbiome profiles. Consequently, dietary analyses were
not shown.

Currently anti-diabetic drugs have demonstrated to
modulate and change gut microbiota and its metabolic
capacity [54]. Conversely, gut microbiome can also influ-
ence drug metabolism and its effects [55]. Understand-
ing the dynamics of drug-microbiome crosstalk would
offer important insights for the development of person-
alized manipulation in the future, according to patients’
gut microbiota status. Unfortunately, our study was not
designed to understand this bi-directional drug-microbi-
ome interaction, which is a limitation of our study. Anti-
biotics also affect gut microbiota composition [56]. In
this regard, we cannot exclude an influence of peri-oper-
ative antibiotics after bariatric surgery in gut microbiota
changes, after metabolic surgery.

In conclusion, our research suggests that there is a
remarkable phenotypic improvement after metabolic
surgery which occurs simultaneously with gut microbiota
changes. Nevertheless, gut microbiome changes alone
cannot explain the beneficial metabolic health impact
of RYGB. Other mechanisms such as diet, hormonal
changes, bile acids metabolism, and physical activity need
to be further explored in this equation in order to better
explain the metabolic improvement of T2D patients with
mild obesity after RYGB.
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